Relationships between the physical properties of seed and their germination capacity and energy is an important consideration for separating seeds of the highest or lowest quality. The objective of this study was to determine the correlations between the selected aerodynamic, geometric, frictional and mass parameters of cultivated radish (Raphanus sativus L.) seeds and their germination capacity for the purpose of improving seed quality. The parameters were determined for graded and discarded radish seeds and impurities were separated by a gravity separator. A germination test was performed, its results were verified every 12 hours, and the germination rate index was determined. A statistical analysis revealed that germinated and non-germinated seeds from the graded fraction did not differ significantly. In the discarded fraction, germinated seeds were characterized by higher terminal velocity (by approx. 10%), thickness (by approx. 9%) and mass (by approx. 26%) in comparison with non-germinated seeds. Significant positive correlations were noted between the germination time vs terminal velocity and mass of discarded seeds. Thus, the separation of radish seeds should take place in two stages using a gravity separator and a pneumatic separator. A vertical stream of air with the speed of approx. 8 m s -1 allows recovery of around 37% of discarded seeds that contain approx. 86% of healthy germs. The resulting seed mixture is characterized by greater germination energy and capacity than the seed fraction graded on a gravity separator only.
Introduction
The cultivated radish is a popular root vegetable, appreciated for its relatively low cultivation requirements and high biological value resulting from the presence of sugars, vitamins and mineral compounds (Pérez Gutiérrez, Perez, 2004; Kang, Wan, 2005; Blažević, Mastelić, 2009) . Radishes have a short growing season, and they can be grown as a forecrop and an aftercrop, both in the field and under cover. In Poland, separate crop production records for cultivated radish are not kept. The record keeping system contains combined data on the total cultivated area and harvestable yields of vegetable species such as radish, parsley, leek, celery, lettuce, rhubarb, asparagus, dill and others. Radishes play an important role in Polish cuisine, particularly in spring and summer. They are usually eaten raw in salads or on sandwiches, and added to eggs, cottage cheese and vegetable soups served cold.
The quality of crop seeds, including vegetable seeds, is determined by the genotype and habitat conditions which affect plants during growth and harvest (Nik et al., 2011) . Environmental conditions include, among others, the availability of water, the chemical composition of soil, ambient temperature, plant density, fertilization, light access and seed distribution on a plant (Martinez-Villaluenga et al., 2010) . Germination capacity can be improved with the use of chemical, physical and physiological methods (Andreoli, Khan, 2000) such as seed dressing and encapsulation (Domoradzki, Korpal, 2009) , seed conditioning (Maroufi, Farahani, 2011) , exposure to visible light with different wavelength and intensity (Muszyński, Gładyszewska, 2008) or stimulation with static or variable electromagnetic field (Lynikiene et al., 2006; Haq et al., 2012; Jamil et al., 2012; Krawiec et al., 2012) . Laboratory and field experiments (Mut, Akay, 2010; Hojjat, 2011; Nik et al., 2011; Amin, Brinis, 2013) have revealed that germination energy and capacity are determined by seed size. Larger and heavier seeds germinate earlier, seedlings develop into larger plants and produce higher yield. Germination capacity seems to be most correlated with seed mass because plump seeds contain more nutrient resources which support seedling emergence.
Seeds are usually cleaned and graded using pneumatic and air-screen separators, which are characterized by high efficiency. If the results are not satisfactory, the separation process can be continued with the use of graders, triers and gravity separators. Relatively high efficiency of radish seed separation with gravity separators has been observed in the Torseed Seed Production and Nursery Center in Toruń, Poland during long-term experiments. However, the fraction discarded in the production process has been found to contain a considerable number of radish seeds, characterized by high sowing value, which should not be removed.
There is a general scarcity of published data about the correlations between the physical properties of radish seeds and their germination energy and capacity. A better understanding of those parameters is required for seed cleaning and sorting processes and designing effective methods for separating seeds of the highest or lowest quality.
The objective of this study was to determine the correlations between the basic physical parameters of cultivated radish seeds and their germination capacity for the purpose of increasing the efficiency of seed separation processes.
Materials and methods
Cultivated radish seeds were collected before and during harvest, between September and October 2013. The experimental material comprised samples of cultivated radish (Raphanus sativus L.) seeds of the variety 'Krasa' produced in Gołębin (52.53° N, 18 .94° E), Poland. The seeds were delivered to the Torseed Seed Production and Nursery Center in Toruń, Poland and were separated on the gravity separator KA-2200 ("Westrub", Sweden). The following parameters of the graded product (comprising 87% of the initial seed mixture by mass) were given by the manufacturer: purity -98.2%, relative moisture content -7.6% and germination capacity -61%. The analyzed seeds did not conform to company standards based on ISTA (2014) guidelines which set the following quality requirements: purity -minimum 98%, relative moisture content -up to 9% and germination capacity -minimum 70%. Samples of approximately 1kg each were collected from the graded product and the discarded fraction, and they were successively halved to produce at least 100 particles (seeds and impurities) per sample (Załęski, 1995) . A total of 146 seeds were obtained from the graded product, and 193 particles were acquired from the discarded fraction (135 seeds and 58 impurities).
Laboratory tests were performed at the Laboratory of Agricultural Product Separation, Department of Heavy Duty Machines and Research Methodology, University of Warmia and Mazury in Olsztyn, Poland. Terminal velocity (v) was determined in the pneumatic classifier Petkus K-293 (PETKUS Technolologie GmbH, Germany), seed dimensions were measured under the workshop microscope MWM 1275 (PZO, Poland): length (L), width (W) and a thickness (T) gauge, the angle of sliding friction (γ) was measured on a horizontal plane with an adjustable angle of inclination, and seed mass (m) was determined on the laboratory scale WAA 100/C/2 ("Radwag", Poland). All measurements were performed according to the methods previously described by Kaliniewicz et al. (2011) .
In the discarded fraction, the morphological index of seed separation on was determined based on the following formula:
(1), where subscripts 1 and 2 by the relevant symbols denote the mean value (x) and standard deviation (SD) of the analyzed physical parameters of whole radish seeds and impurities (including broken radish seeds).
The germination rate index (W g ) was calculated for every radish seed:
where: T n is the time required for germination (day), T o -time of germination test (day).
During germination test, whole radish seeds were placed in a tank lined with moistened filter paper and covered with a glass lid. Evaporated water was supplemented daily with a sprinkler, and filter paper was kept moist throughout the experiment. The test was carried out at the temperature of approximately +25°C under exposure to natural light. Germination progress was monitored daily between 8 and 9 a.m. Seeds that produced a sprout with a minimum length of 75% seed length were classified as germinated (Załęski, 1995) . Observations were continued for 14 days. Germination energy (V g ) and germination capacity (C g ) were determined based on the ratio of the number of seeds that had germinated within 10 and 14 days to the number of seeds in the analyzed sample.
The results were processed with the use of STATISTICA PL, v. 10 application based on general statistical procedures, including the Student's t-test for independent samples, one-way ANOVA and correlation analysis. Statistical calculations were performed at the significance level of 0.05.
Results and discussion
The physical parameters of graded and discarded cultivated radish seeds and discarded impurities are given in Table 1 . The highest values of the coefficient of variation were noted for the mass of seeds and impurities, and the lowest -for the length of discarded seeds and impurities, and the terminal velocity of graded seeds. The analyzed physical parameters of cultivated radish seeds varied within the following ranges of values: terminal velocity -from 5.78 to 10.73 m s -1 , thickness -from 0.99 to 2.62 mm, width -from 1.39 to 3.36 mm, length -from 1.94 to 4.24 mm, angle of external friction -from 14° to 57°, mass -from 3.3 to 20.6 mg. The analyzed seeds were characterized by average plumpness, and their average mass and dimensions were somewhat smaller than those determined by Çetin et al. (2010) . The evaluated seeds were also characterized by higher average terminal velocity. Graded seeds differed from discarded seeds with respect to nearly all of the analyzed parameters. The above seed groups differed significantly only with regard to their angles of external friction. Impurities and whole discarded seeds differed in every analyzed trait. In comparison with impurities, discarded seeds were characterized by higher terminal velocity, thickness and mass, but lower average width, length and angle of external friction.
Despite the presence of statistically significant differences between the average values of physical parameters, the morphological index of seed separation assumed relatively low values in the mixture of discarded seeds and impurities (Fig. 1) . The values less than unity imply that the components of the analyzed mixture cannot be effectively separated based on a single separation trait. It was assumed that selected fractions of whole seeds can be separated based on their terminal velocity and/or thickness. The validity of the above assumption should be preceded by an analysis of germination capacity and the determination of the presence of healthy germinating seeds in the discarded fraction.
Graded seeds were characterized by V g = 71.2% and C g = 82.2%, and discarded seeds -by V g = 63.0% and C g = 69.6%. The above results suggest that germination capacity values given by the manufacturer were underestimated and that the analyzed material met standard requirements. Figure 2 shows the percentage structure of radish seeds that germinated on successive days of the germination period. Peak germination values were noted on days 2 and 3, when healthy sprouts were observed in more than 50% of both graded and discarded seeds. Since day 5, the seeds that germinated daily did not exceed 4% of all seeds. Germination ceased on day 13 in the graded fraction and on day 11 in the discarded fraction. Since the percentage of non-germinated seeds was over three-fold higher in the discarded fraction than in the graded fraction, cultivated radish seeds should be separated with the use of a gravity separator, as it is done in the Torseed Seed Production and Nursery Center in Toruń, Poland. Note. v -terminal velocity, T -thickness, W -width, L -length, γ -angle of sliding friction, m -mass; a, b, c -identical superscripts denote no significant differences.
The results of the Student's t-test for independent samples (Fig. 3) indicate that germinated and nongerminated seeds from the graded fraction did not differ significantly with regard to the analyzed physical properties. Germinated and non-germinated seeds from the discarded fraction differed in their terminal velocity, thickness and mass. The above parameters and indicators can be used as separation traits to recover healthy germinated seeds from the discarded fraction.
The results of a linear correlation analysis of selected physical attributes of graded and discarded cultivated radish seeds are presented in Table 2 . The critical value of the correlation coefficient was exceeded for the majority of analyzed traits, which implies that the physical parameters of cultivated radish seeds are correlated. Therefore, in the sorting process different Note. □ -germinated, ■ -non-germinated; a, b -different letters denote significant differences between germinated and nongerminated seeds; A, B -different letters denote significant differences between graded and discarded seeds. Figure 3 . Physical attributes of germinated and non-germinated cultivated radish seeds from the graded and discarded fractions simple cleaning machines can be used interchangeably with no negative effect on separation efficiency. Strong relationships between seed attributed are desirable because they facilitate the design of processes and operations related to seed sowing, harvesting, storage and processing (Altuntas, Demirtola, 2007; Kabas et al., 2007; Riyahi et al., 2011; Sologubik et al., 2013) , and enable simplification of the mathematical description of the above models. Interestingly, a significant correlation was also observed between the angle of external friction and the remaining parameters of cultivated radish seeds. The angle of external friction decreased with an increase in seed dimensions and mass. The parameter that was least correlated with the remaining traits was the germination rate index. This is undesirable, because in the sorting process seeds cannot be separated based on their germination rates which could contribute to greater germination uniformity. The germination rate index was not significantly correlated with the remaining parameters of graded seeds, but it was significantly correlated with the terminal velocity and mass of discarded seeds. This implies that only discarded seeds could be sorted out to ensure uniform germination. Heavier seeds of that fraction germinate earlier, which is consistent with the results reported by Mut and Akay (2010) , Nik et al. (2011), Amin and Brinis (2013) for cereal seeds, and by Orzeszko-Rywka et al. (2013) for Festulolium seeds. Such a correlation was not found in common bean seeds (Ogutu et al., 2012) .
Terminal velocity was adopted as the separation trait of cultivated radish seeds due to the highest value of the morphological index of seed separation (Fig. 1 ) Table 2 ). The structure of the germination rate index before and after the separation of the seed mixture into three fractions (with nearly identical quantitative proportions) relative to terminal velocity is presented in Figure 4 . A significant increase in the share of impurities was noted in fraction I (v < 7.2 m s -1 ), which implies that fraction I seeds should not be redirected to the graded product due to the risk of contamination. The graded mixture could be supplemented with fraction III (v > 7.5 m s -1 ) seeds with the highest terminal velocity. Fraction III is characterized by a significant increase in the share of fast germinating seeds (W g > 0.6) and a lower share of impurities and non-germinating seeds in comparison with the discarded fraction.
The results of our analysis suggest that the graded seed mixture can be combined with the heavier fraction of discarded seeds separated in a vertical stream of air at the speed of v = 8 m s -1 to maintain minimum seed purity of 98%. This procedure supports the recovery of approximately 37% of discarded seeds which contain 86% healthy germs. The separation process should consist of the following stages: cleaning of the threshed material with the use of a gravity separator (as in the Torseed Seed Production and Nursery Center in Toruń, Poland), feeding the discard material into a pneumatic separator, and redirecting heavier seeds of that fraction to the graded batch. The final product is characterized by a germination energy (V g ) of 72.4% and a germination capacity (C g ) of 86.7%.
Conclusions
1. Cultivated radish seeds from graded and discarded fractions separated on a gravity separator differed with regard to their terminal velocity, dimensions and mass. Graded seeds were characterized by higher average values of the analyzed parameters.
2. Germinated and non-germinated seeds from the graded fraction did not differ significantly, and discarded seeds differed significantly with regard to their terminal velocity, thickness and mass. The germination time of discarded cultivated radish seeds was significantly affected by terminal velocity and mass, whereas no significant correlations were observed in graded seeds.
3. The separation of cultivated radish seeds should take place in two stages with the use of a gravity separator and a pneumatic separator. Discards from the gravity separator should be fed into a channel with a vertical stream of air, and the seed fraction with the highest terminal velocity should be redirected to the graded batch. The above procedure supports the recovery of approximately 40% of discarded seeds. The resulting seed mixture is characterized by greater germination energy and capacity than the seed fraction graded on a gravity separator only.
